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Tarbashevich et al. reveal a mechanism
for cell polarization in vivo in response to
chemokine signaling, where the cell
responds to the graded distribution of the
guidance cue by establishing elevated pH
at the cell front. The elevation in the pH
promotes Rac1 activity and actin
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Directional cell migration requires cell polarization
with respect to the distribution of the guidance
cue. Cell polarization often includes asymmetric
distribution of response components as well as
elements of the motility machinery. Importantly,
the function and regulation of most of these mole-
cules are known to be pH dependent [1–3]. Intracel-
lular pH gradients were shown to occur in certain
cells migrating in vitro [4–6], but the functional rele-
vance of such gradients for cell migration and for
the response to directional cues, particularly in the
intact organism, is currently unknown. In this study,
we find that primordial germ cells migrating in
the context of the developing embryo respond to
the graded distribution of the chemokine Cxcl12
by establishing elevated intracellular pH at the cell
front. We provide insight into the mechanisms
by which a polar pH distribution contributes to
efficient cell migration. Specifically, we show that
Carbonic Anhydrase 15b, an enzyme controlling
the pH in many cell types [7–9], including metastatic
cancer cells [6], is expressed in migrating germ cells
and is crucial for establishing and maintaining an
asymmetric pH distribution within them. Reducing
the level of the protein and thereby erasing the
pH elevation at the cell front resulted in abnormal
cell migration and impaired arrival at the target.
The basis for the disrupted migration is found
in the stringent requirement for pH conditions in
the cell for regulating contractility, for the polariza-
tion of Rac1 activity, and hence for the formation
of actin-rich structures at the leading edge of the
migrating cells.
RESULTS AND DISCUSSION
Establishment and maintenance of distinct pH values in different
cellular domains are crucial for normal cell and organ function
(reviewed in [10]). Abnormal pH regulation, for example, can
detrimentally affect heart and kidney function by leading to1096 Current Biology 25, 1096–1103, April 20, 2015 ª2015 Elsevier Losteopetrosis and lysosomal storage disease [11] (reviewed in
[10]). Cellular pH is also an important variable in the context
of cell migration where it has been suggested to play a role
in the regulation of neutrophils chemotaxis [12], wound healing
(reviewed in [5]), and tumor cell metastasis (reviewed in [3]).
Specifically, different motile cell types, including cancer cells,
exhibit pH gradients such that the intracellular pH is elevated
at the front of a migrating cell relative to its back [4]. In the
case of cancer-cell dissemination, the pH is thought to play a
role in regulating cell adhesion, cytoskeletal dynamics, and the
reorganization of the extracellular matrix [3]. To examine the
mechanisms of pH control in migrating cells and the role it plays
in an in vivo setting, we set out to investigate these issues in
zebrafish primordial germ cells (PGCs) because these cells
share several properties with metastatic cancer cells, including
motility initiation, mode of migration, and response to chemo-
tactic cues [13–18].
To visualize pH distribution in PGCs, we made use of the
fluorescence resonance energy transfer (FRET)-based intra-
molecular ratiometric pH biosensors Cy11.5 (pHlameleon 5)
[19] and pHlameleon 6, along with the pHlameleon 7 version
that does not FRET under physiological conditions in PGCs,
thus serving as a negative control [20] (Figures S1A–S1D; Movie
S1). Global expression of biosensors revealed similar pH index
ratios for somatic cells and PGCs as measured at 6 hours post
fertilization (hpf) using both pH reporters (Figures S1B–S1D).
pHlameleon 5 provided higher FRET values than pHlameleon 6
(Figures S1B–S1D), in agreement with results previously ob-
tained in Chinese hamster ovary (CHO) cells [20]. Based on
these preliminary experiments, we chose to use pHlameleon 5
and targeted protein expression preferentially to PGCs by fusing
its open reading frame (ORF) to the nanos1 30 UTR ([21]. We
found that during ‘‘run’’ phases, when PGCs are morphologically
polar and actively migrate [22], the cells exhibit a polarized
pH distribution, where the pH is elevated at the cell front (see Fig-
ure S1E for measurement strategy), similar to that generated in
disseminating cancer cells (Figure 1A, left [4, 6, 20]). In contrast,
during tumbling phases, when PGCs lose polarity and pause
[22], uniform pH distribution was observed, with local pH eleva-
tion in the forming blebs (Figure 1A, right). As a control for these
measurements, we made use of the CFP protein, which did not
exhibit a differentially distributed FRET signal within the cells
(Figure S1F). Whereas using two other protein reporters to
determine the pH distribution in the cell confirmed our results
([23, 24], sfGFP and its optimized version sfGFPT203C bothtd All rights reserved
Figure 1. pH Is Elevated at the Front of Migrating PGCs
(A) Representative images of pH distribution in migrating (polar) and tumbling (apolar) PGCs using the pHlameleon 5 pH sensor. Images of PGCswere acquired at
6 hpf using an epifluorescence microscope.
(B) Images of representative PGCs expressing super folder (sf)GFP-mCherry and sfGFPT203C-mCherry tandem proteins. pH scale corresponds to sfGFP
fluorescence intensity normalized to that of mCherry fused to it.
(C) Snapshots from a time-lapse movie of a representative migrating PGC, presenting pH elevation at the cell front. The movie was acquired at 7.5-s intervals,
and time points (T0 upper left) in which pH elevation is observed are labeled with a red check mark.
(D) Graph showing front/rear pHlameleon 5 pH index ratios for 20 sequential frames from a time-lapse movie acquired using a confocal microscope.
Measurements are derived from the areas circled in white at the front and rear of cells included in and extended from (C). Arrows in (C) indicate the direction
of migration.normalized to mCherry; Figures 1B and S1G), we chose to use
the pHlameleon 5 reporter in subsequent experiments because
of the enhanced photostability and broader dynamic range it of-
fers. Taken together, the pH profile inmigrating PGCs appears to
be reminiscent of that observed in tumor and immune cells
in vitro [4, 6, 12].
We subsequently examined PGCs with the aim to determine
the dynamics and the regulation of the pH at a high temporal
and spatial resolution in an in vivo context. Unlike the stable
pH profile described for cells migrating in culture (e.g., pH 8),
applying high temporal resolution in vivo revealed that the pH
distribution within the PGCs is dynamic. Namely, during theCurrent Biology 25, 109run phases, a clear pH elevation at the cell front was observed
in 30%, on average, of the movie frames (Figure 1C; Movie S2,
left cell). Comparison of the pH index levels between the front
and rear of the cells during run phases revealed a relative eleva-
tion of up to 30% at the front, with an average elevation of 7%
(Figure 1D; FRET analysis is described in Supplemental Experi-
mental Procedures). This difference in pH index corresponds
to 0.2 pH units (calculated based on calibration experiments per-
formed using the Nigericin ionophore, as explained in Supple-
mental Experimental Procedures). The frequency as well as the
duration of higher pH periods at the cell front appeared to fluc-
tuate (Figures 1C and 1D).6–1103, April 20, 2015 ª2015 Elsevier Ltd All rights reserved 1097
To explore the mechanisms responsible for establishing
the polar pH distribution, we searched for proteins that could
potentially control this process. Our interest was focused on
the carbonic anhydrases group of enzymes [3] that catalyze
the reversible inter-conversion of carbon dioxide and water to
bicarbonate and protons and thus regulate cellular pH [9, 25].
The corresponding carbonic anhydrase genes were shown to
be expressed in zebrafish PGCs [26] and particularly carbonic
anhydrase 15b (ca15b), whose RNA was found to be 15-fold
enriched in these cells at the time of migration onset relative to
somatic cells [26]). Further analysis of the gene expression
proved that ca15b was the only carbonic anhydrase gene that
exhibited enrichment in PGCs during their migratory phase,
and its expression wasmore pronounced than that of the nanos3
RNA encoding for the universal PGC-expressed RNA-binding
protein Nanos [21, 27–29] (Figure S2 demonstrates this point
qualitatively). ca15b mRNA is a maternally provided transcript
expressed in the blastomeres and in the germplasm during
early cleavage stages (Figure 2A). At the time PGCs normally
migrate toward the region where the gonad develops (4–24
hpf), ca15b mRNA is expressed exclusively in germ cells. A
similar expression pattern of the ca15b RNA was recently
described by Wang et al. [30].
To determine the role Ca15b may play in migration and in
controlling pH dynamics in PGCs, two translational blocking
morpholino oligonucleotides were employed that specifically
target the gene. We first measured the total (i.e., from the whole
cell) pH index values in control PGCs and in the Ca15b knock-
down counterparts and observed a significant decrease in
the average pH index values in ca15b morphants, reflecting a
reduction in the pH (Figures 2B, bottom, and 2C, PGCs). This
effect was reversed upon introduction of morpholino-insensitive
ca15b transcripts (Figures 2B, bottom, and 2C, PGCs). It is
noteworthy that somatic cells in this experiment did not show
any changes in pH index values, thus providing an additional
confirmation for the specificity of themethod (Figure 2C, somatic
cells). Significantly, germ cells knocked down for Ca15b func-
tion, in addition to showing a global reduction in pH, no longer
exhibited the pH elevation at the front (determined as an average
of 20 time-lapse movie frames; Figures 2B and S1E; Movie S2,
right cell). In this experiment, too, the specific targeting of
ca15b transcripts by two different morpholinos was verified as
the knockdown effect was eliminatedwhen ca15bRNA rendered
insensitive to the antisense-oligonucleotide was provided to
the treated cells (Figure 2B, bottom). Since morpholino 2
(MO2) appeared to be more effective than MO1, MO2 was
used in most of the experiments described hereafter.
It is interesting to note that Ca15b protein appears to represent
a unique member in the Ca15 subgroup of carbonic anhydrases,
since it lacks a secretion peptide sequence and thus acts within
the cells that express it. Other Ca15 proteins were reported to
face the extracellular space, where they carry out their function
[9, 31].
To determine whether Ca15b function is required for normal
migration of the germ cells, we followed the process in embryos
in which the translation of the protein was inhibited. We found
that 20% of the PGCs in ca15b morphants failed to reach
their migration target, reflecting a 2-fold increase in the number
of ectopic cells relative to control embryos. This phenotype1098 Current Biology 25, 1096–1103, April 20, 2015 ª2015 Elsevier Lwas reverted to that of wild-type in the presence of MO-insensi-
tive ca15bmRNA (Figure 3A). Thus, directionally migrating PGCs
lacking the pH elevation at the front were more likely to reach
ectopic locations. We tested the idea that the manipulated cells
might be defective in their response to the attractive cue in the
environment. Consistent with this notion, we found that reducing
the level of the Cxcl12a, the chemokine that constitutes the
guidance cue to migrating PGCs, further increased the effect
of Ca15b knockdown. Specifically, targeting ca15b translation
in embryos heterozygous for a mutation in the cxcl12a gene
enhanced the morpholino-induced phenotype such that here,
40% of the PGCs were found at ectopic positions in 24 hpf
embryos (Figure 3B). This finding is in agreement with the idea
that PGCs response to Cxcl12a is mediated, at least in part,
by controlled distribution of pH in the cell. We were therefore
prompted to examine the possibility that Cxcl12a plays a role
in controlling the pH distribution in the migrating cells. Toward
this end, we initially eliminated the chemokine gradient by either
knocking down Cxcl12a or by expressing it uniformly throughout
the embryos. We also interfered with the ability of the cells
to respond to Cxcl12 cues by inhibiting the translation of the
chemokine receptor Cxcr4b, or by inhibiting the Ga-dependent
signaling cascade downstream to the chemokine receptor
through expression of pertussis toxin (Ptx) in PGCs [32, 33].
Strikingly, all these experiments resulted in elimination of the
polar pH distribution in PGCs (Figure 2B). In addition, we as-
sessed the global pH in the cells after knockdown of Cxcr4b,
overexpression of Cxcl12a, and overexpression of Ca15b. These
experiments revealed a mild increase in pH in the cases of
Cxcl12a and Ca15b overexpression and a reduction in the pH
when Cxcr4b was knocked down (Figure 2D). We thus conclude
that the main function of chemokine signaling in this context
is to initiate a cascade leading to polarized pH distribution that
depends on Ca15b function, rather than to regulate the global
pH in the cells.
Together, pH elevation at the front of migrating PGCs relies
on Ca15b function and on the ability of the germ cells to respond
to the chemoattractant signal. While PGCs are able to polarize
in the absence of Cxcl12a-enconded directional cues, the polar-
ity is reduced and the migration of the cells is characterized
by shorter run phases [22, 32]. Our findings suggest therefore
that the polar pH distribution constitutes one of the cellular
responses to the polarized chemokine signal and that this
response contributes to maintaining cell polarity downstream
of Cxcl12a.
To determine the precise role of pH elevation at the cell front
in PGC migration, we analyzed individual migration tracks
of PGCs. Intriguingly, the migration tracks of ca15b morphant
PGCs exhibited reduced straightness, a parameter that indi-
cates how many turns are made by a cell while migrating.
Accordingly, reduced straightness signifies more changes in
migration direction and thus a reduced polarity (Figures 4A and
S3A). To further address the effect of Ca15b knockdown in a
different and a simplified experimental setup, we analyzed the
migration of PGCs toward a Cxcl12a source that was artificially
positioned in the embryo (Figure S3B). We found that similar to
the previous experiment, migrating PGCs from ca15bmorphants
formed migration tracks that showed reduced straightness as
well as reduced displacement (Figures S3C–S3E; Movie S3).td All rights reserved
Figure 2. Ca15b and Cxcl12 Signaling Control the Polar pH Distribution in PGCs
(A) Expression pattern of ca15b RNA in embryos at 1.2, 5, 10, and 24 hpf (blue staining). The arrowhead points at the position of the germplasm.
(B) Polar pH distribution in PGCs depends on the function of Ca15b, on Cxcl12 chemokine gradient, on G protein signaling, and on Na+/H+ exchangers. The graph
presents average pH index ratios between the front and the rear of migrating PGCs in 7–8 hpf embryos injected with the following: control morpholino (COMO),
ca15bmorpholino (ca15bMO1 and ca15bMO2), ca15bmorpholino 1 and 2 along with morpholino-insensitive ca15bmRNA to restore Ca15b function, combined
Cxcl12a and Cxcl12b morpholinos (cxcl12a/b MOs) for chemokine depletion, cxcl12a RNA for uniform Cxcl12a distribution, cxcr4bmorpholino (cxcr4bMO), and
PtxRNA for disruption of the chemokine signaling pathway. Embryos were soaked in amiloride to interfere with the activity of Na+/H+ exchangers. Lower panel of
images presents examples of PGCs with the corresponding treatments. Images were acquired using a confocal microscope. White circles depict areas at the
front and back of PGCs used for pH index measurements. The white arrow indicates the direction of migration.
(C) Graphs show average whole-cell pH index intensity values in PGCs and somatic cells at 6–7 hpf following knockdown and restoration of Ca15b activity
(labeling as in B).
(D) Graph presenting average global pH index levels in PGCs subjected to cxcr4b knockdown (cxcr4bMO) andCxcl12a or Ca15b overexpression (Oex). n denotes
the number of PGCs analyzed. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by the Student’s t test. Error bars represent SEM.
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Figure 3. ca15b Knockdown Impairs PGC
Migration
(A) Graph shows the percentage of ectopic PGCs
from total PGC number in wild-type embryos at
24 hpf.
(B) Graph presents the average percentage of
ectopic PGCs in 24 hpf embryos heterozygous
for a mutation in cxcl12 (medusa mutation).
Right panels show representative images of the
PGC positioning in control and ca15b morphant
embryos in wild-type (A) and in medusa+/ em-
bryos (B).
N is number of embryos analyzed. White boxes
depict the normal position of PGCs in 24 hpf
embryos, arrowheads point at PGCs located in
ectopic positions. *p < 0.05, ***p < 0.001 as
determined by the Student’s t test. Error bars
depict SEM.To establish the basis for the defective migration of cells with
decreased Ca15b activity, we compared the behavior and
shape of manipulated cells with those of control cells. It
became apparent that the total amount of blebs is significantly
elevated in PGCs upon Ca15b knockdown (Figure 4B). This
phenotype was reversed by providing the cells with MO-resis-
tant ca15b RNA (Figure 4B). In addition, unlike control cells
that extended blebs primarily at the cell front, PGCs knocked
down for Ca15b formed blebs at the cell rear at a high
frequency (observed in 10 of 40 cells) (Figures 4C and S4A;
Movie S4).
Since myosin activity is involved in bleb formation [34] and
because at a lower pH, Ca2+- and pH-dependent calmodulin
undergoes conformational changes and consequently induces
MLCK (myosin light-chain kinase) activation (reviewed in
[3, 35]), we reasoned that phosphorylation of myosin light
chain (MLC) could be affected in ca15b morphant PGCs with
lower pH. We therefore examined the phosphorylation of
MLC (pMLC) as a measure for myosin activity [36, 37] and
compared between control and ca15b morphant PGCs.
Consistent with this rationale, we could observe an elevated
level of pMLC in ca15b morphant PGCs, which reverted to
the control levels by the introduction of the MO-resistant
ca15b RNA (Figure 4D; controls for this experiment are pre-
sented in Figures S4B and S4C). Thus, higher levels of pMLC
would explain the increased blebbing in cells with reduced
Ca15b activity.
Considering the defective PGC migration in ca15b morphant
embryos as judged by the alteredmigration tracks and inefficient1100 Current Biology 25, 1096–1103, April 20, 2015 ª2015 Elsevier Ltd All rights reservedarrival at the target, we next examined
whether other aspects of cell motility
were influenced by the polar pH distribu-
tion in motile PGCs. To this end, we
focused on Rac1, a member of the Rho-
GTPase family and a key regulator of
actin dynamics. Pertinent to this context
is the fact that Rac1 requires a higher
pH for its optimal activity in promoting
actin polymerization ([1, 38]. Intriguingly,
at the front of migrating germ cells, theelevated pH as described here appears to align with an elevated
activity of Rac1 as previously described [39]. Indeed, a signifi-
cant decrease in Rac1 activity was observed in cells knocked
down for the Ca15b protein that lack the polar pH distribution
(Figure 4E) along with reduced actin polymerization at the front
of these cells (Figure 4F).
In addition to the controlling actin polymerization by regu-
lating Rac1 activity, the distribution of the pH within the cell
could also affect the function of actin-severing proteins such
as ADF or cofilin whose activity was shown to be dependent
on pH conditions [40]. To determine whether enhanced bleb-
bling in a PGC can modulate global pH, we expressed consti-
tutively active MLCK in PGCs and found no significant change
in pH index levels (Figure S4D). Furthermore, we did not
observe any effect of pH reduction on the activity of another
GTPase, RhoA (Figure S4E; control measurements for the
RhoA activity are presented in Figure S4F). These findings are
consistent with the idea that pH conditions in the cell determine
the level of contractility while contractility per se has no effect
on the pH.
In conclusion, in this report we describe for the first time an
elevation of pH at the front of migrating PGCs in the context
of the live organism. We show that the polarized pH distribution
depends on a polarized chemokine signal and on the function of
Carbonic Anhydrase 15b. The precise molecular cascade linking
Cxcl12a/Cxcr4b signaling and Ca15b function to the observed
elevation in the pH is unknown. One could consider, however,
the possible involvement of regulation of ion channel activity
by Ca2+ influx, where the latter normally occurs downstream
Figure 4. Ca15b Activity Modulates
PGC Behavior, Actin Polymerization, and
Contractility
(A) Graph shows the average straightness of
tracks formed by migrating PGCs in control em-
bryos versus those in embryos knocked down for
Ca15b. The individual tracks are presented in
Figure S3A.
(B) Graph represents the average frequency of
bleb formation in control embryos versus in em-
bryos knocked down for Ca15b.
(C) Panels illustrate overlays of contours of a
migrating PGC at 0, 25, and 50 s of image
acquisition. Analysis was performed for a
control PGC (top) and a ca15b morphant PGC
(bottom).
(D–F) Ca15b sustains polarized protrusive activ-
ity, graded Rac1 activity, and elevated actin
polymerization at the cell front. (D) MLC phos-
phorylation, indicating myosin activity, is pre-
sented in the graph as average FRET-pMLC
ratios in PGCs of embryos knocked down for
Ca15b relative to controls at 7–8 hpf. (E) Levels
of Rac1 activity are presented in the graph as
average Rac1-FRET ratios in PGCs following
knockdown of Ca15b. Representative images
of Rac1-FRET ratios in control (COMO) and
ca15b morphant (ca15bMO2) PGCs as well as
in ca15b morphant cells with restored Ca15b
activity are below the graph. (F) Actin levels
are presented in the graph as average intensities
of actin labeling in embryos knocked down for
Ca15b (ca15bMO2) relative to controls (COMO)
(for the detailed analysis protocol, see Supple-
mental Experimental Procedures). Presented in
the right panels are representative examples of
actin in migrating control and ca15b morphant
PGCs.
FRET-pMLC and FRET-Rac1 ratios were normal-
ized relative to the corresponding average control
values. n denotes the number of PGCs analyzed.
**p < 0.01, ***p < 0.001 as determined by the
Student’s t test. Error bars depict SEM.to chemokine receptor activation. For example, the interaction
between Na+/H+ exchanger isoform 1 (NHE1) and Ca-calmod-
ulin, as previously demonstrated (reviewed in [41, 42]), could
cooperate with Ca15b. In line with this possibility is the finding
that inhibition of the NHE activity by the application of amiloride
severely affects pH elevation at the front of migrating germ cells
(Figure 2B). The resultant pH distribution pattern appears to be
critical for polarizing the protrusive activity of the cells to the
front as well as for elevating actin polymerization at this part of
the cell. We suggest that this cellular asymmetry is critical for
the polarization of the cell relative to the guidance cue and
contributes to an effective directedmigration toward the sources
of the chemoattractant. Importantly, similar mechanisms
of cellular polarization may be relevant for disseminating meta-
static cells. In this case, the low extracellular pH in front of the
migrating cancer cell was shown to activate matrix metallopro-
teinases (MMPs) and assist extracellular matrix (ECM) dissocia-
tion ([6, 41]). While the functional significance of the finding wasCurrent Biology 25, 109not investigated, an elevation in pH at the cell front was
described for a melanoma cell line in vitro [4]. As we show
here, such a distribution of pH in metastatic cells could poten-
tially facilitate Rac1 activity and actin polymerization, thereby
stimulating the formation of invadopodia in the direction of
invasion. Further investigations aimed at deciphering the func-
tional significance of intracellular pH conditions for cell migration
and studies aimed at understanding the mechanisms regulating
the intracellular pH distribution in cell motility and guided migra-
tion are thus highly relevant for understanding the process of
metastasis and the design of cancer therapies.EXPERIMENTAL PROCEDURES
Experimental design, amounts of injected mRNAs, and MOs are listed in
Supplemental Experimental Procedures. The zebrafish were handled accord-
ing to the law of the state of North Rhine-Westphalia, supervised by the veter-
inarian office of the city Mu¨nster.6–1103, April 20, 2015 ª2015 Elsevier Ltd All rights reserved 1101
Epifluorescence Microscopy
Epifluorescence microscopy was performed using an AxioImager.M1 micro-
scope (Zeiss) with an RTSlider camera (Visitron) controlled by VisiView soft-
ware (Visitron).
Low-magnification (10–203) time lapses were acquired at 6–8 hpf every
2 min. Data analysis was performed using MetaMorph (Molecular Devices)
and Imaris (Bitplane) software.
High-magnification (633) time lapses were acquired at 6–8 hpf every 5 s.
Data analysis was performed using ImageJ (NIH) software.
To calculate the percentage of ectopic germ cells, PGCs were counted at
24 hpf in the mCherry channel. The average number of ectopic PGCs was
counted in percentage to the average total PGC number for the given
experiment.
FRET Analysis
The MLC-phosphorylation FRET was performed as previously described [34].
Imaging and analysis for the RhoA- and Rac1-FRET were performed as for
the pH index. Imaging for the pH index was performed at 7–9 hpf either
on the epifluorescence microscope as described previously [43] or on a
LSM710 confocal microscope (403, numerical aperture [NA] 0.75, pinhole
10 mm, 512 3 512, 7.5 s/frame) controlled by ZEN software (Zeiss). Analysis
was done using ImageJ software (for the analysis protocol, see Supplemental
Experimental Procedures).
Actin Intensity Measurements
For each mosaic embryo at 8–9 hpf, two time-lapse movies were acquired
at 633 magnification; one movie for the PGC containing VasaDsRed signal
(PGC with either control morpholino [COMO] or ca15bMO) and one movie
for the PGC without granular labeling (‘‘uninjected,’’ normalization control
PGC). Imageswere processed with ImageJ software (for the analysis protocol,
see Supplemental Experimental Procedures).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.02.071.
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